INTEGRAL constraints on primordial black holes and particle dark matter by Laha, Ranjan et al.
CERN-TH-2020-056, MIT-CTP/5193
INTEGRAL constraints on primordial black holes and particle dark matter
Ranjan Laha,1 Julian B. Mun˜oz,2 and Tracy R. Slatyer3
1Theoretical Physics Department, CERN, 1211 Geneva, Switzerland
2Department of Physics, Harvard University, Cambridge, MA 02138, USA
3Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
(Dated: June 12, 2020)
The International Gamma-Ray Astrophysics Laboratory (INTEGRAL) satellite has yielded un-
precedented measurements of the soft gamma-ray spectrum of our Galaxy. Here we use those
measurements to set constraints on dark matter (DM) that decays or annihilates into photons with
energies E ≈ 0.02− 2 MeV. First, we revisit the constraints on particle DM that decays or annihi-
lates to photon pairs. In particular, for decaying DM, we find that previous limits were overstated
by roughly an order of magnitude. Our new, conservative analysis finds that the DM lifetime must
satisfy τ & 5 × 1026 s × (mχ/MeV)−1 for DM masses mχ = 0.054 − 3.6 MeV. For MeV-scale DM
that annihilates into photons INTEGRAL sets the strongest constraints to date. Second, we target
ultralight primordial black holes (PBHs) through their Hawking radiation. This makes them appear
as decaying DM with a photon spectrum peaking at E ≈ 5.77/(8piGMPBH), for a PBH of mass
MPBH. We use the INTEGRAL data to demonstrate that, at 95% C.L., PBHs with masses less
than 1.2 × 1017 g cannot comprise all of the DM, setting the tightest bound to date on ultralight
PBHs.
I. INTRODUCTION
Dark matter (DM) is omnipresent in the universe, from
sub-Galactic scales to galaxy clusters. Despite its abun-
dance, the nature of DM remains mysterious, as it has
evaded all nongravitational direct and indirect probes
thus far [1–3]. Given the enormous range in masses and
interaction strengths of possible DM candidates, it is im-
perative to find new ways to probe different parts of their
parameter space.
A powerful window into the nature of particle DM
comes from its possible decay or annihilation into Stan-
dard Model (SM) particles. In particular, gamma rays
produced in DM interactions can be detected in our tele-
scopes. Here we will use the data from the spectrome-
ter (SPI) on board the International Gamma-ray Astro-
physics Laboratory (INTEGRAL) satellite, covering the
E ∼ 0.02 − 2 MeV energy band. By requiring that the
DM emission does not exceed the Galactic diffuse flux
measured by INTEGRAL [4, 5], we will set conservative
bounds on various DM interactions, including revisiting
some the constraints from Ref. [6]. In that work, limits
were obtained using the Galactic-center gamma-ray spec-
trum from INTEGRAL [4]. That spectrum, however,
only corresponds to the emission correlated with a fidu-
cial template – a combination of dust and CO maps – and
thus may not include photons from DM interactions, as
the latter have a different spatial distribution. Here, in-
stead, we use the full emission profile from Ref. [5], which
does not assume any spatial morphology. By taking con-
servative assumptions, we find limits on the DM lifetime
that are weaker by a factor of ∼ 3 − 10 than found in
Ref. [6]. For DM annihilating to electron-positron pairs
our limits are broadly similar to Ref. [6], and we derive
new limits on DM annihilating to photons.
We also search for gamma-ray emission from ultralight
primordial black holes (PBHs). PBHs, formed from SM
plasma that collapsed due to its own gravity in the very
early universe, are a possible solution to the DM puz-
zle [7–13]. The fraction fPBH of DM in the form of
PBHs is constrained to be below unity for PBH masses
MPBH & 1023 g (≈ 5 × 10−11M) via various observa-
tions, such as gravitational lensing [14–24], stellar dy-
namics [25–31], gravitational waves [32–41], and the cos-
mic microwave background (CMB) [42–45]. The situa-
tion is different for lower-mass PBHs, as their gravita-
tional signatures are not strong enough to cause a mea-
surable effect in existing data. Instead, a promising av-
enue consists of searching for the radiation from ultra-
light PBHs as they Hawking evaporate [46–50]. Previ-
ous works have searched for Hawking-evaporating PBHs
through electron-positron pairs [51–58], extra-Galactic
gamma rays [59–61], and the CMB [62–65]. These stud-
ies have ruled out PBHs as the entirety of the DM for
MPBH . 1017 g. Here we search for gamma rays from
PBHs in the DM halo around the Milky Way (MW),
which would appear as a modified blackbody spectrum
in the INTEGRAL data. We are able to rule out PBHs
as the sole component of DM for MPBH . 1.2 × 1017 g,
at 95% C.L., setting the strongest bound to date on the
mass of ultralight PBH DM.
This paper is structured as follows. We begin in Sec. II
by reviewing the gamma-ray emission from different DM
models. We introduce the INTEGRAL data in Sec. III,
and use it in Sec. IV to find our constraints. We conclude
in Sec. V.
II. EMISSION FROM DIFFERENT DM
MODELS
Assuming a DM candidate of mass MDM, the differen-
tial gamma-ray flux produced by its decay or annihilation
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2(denoted by α = 1 and 2, respectively) is
dΦ
dE
=
1
2α−1
r
4pi
(
ρ
MDM
)
JD/A
∆Ω
dN
dEdt
, (1)
where r = 8.3 kpc and ρ = 0.01M pc−3 (= 0.4 GeV
cm−3) are the Galacto-centric distance of the Sun and
the local DM density, respectively [66–68]. If a different
DM density is assumed, our constraints can be simply
rescaled accordingly. The differential flux formula can
be neatly divided into a component that depends on the
spatial distribution of DM, the JD/A factor (D for decay
and A for annihilation), and one that depends on the
photon spectrum per decay/annihilation multiplied by
the rate at the Solar radius, dN/(dE dt). The former will
not vary between models, so let us begin by describing
it.
We will assume that the DM in the Milky-Way (MW)
halo follows a Navarro-Frenk-White (NFW) profile [69],
as both MeV-scale particle DM and ultralight PBHs be-
have as cold DM (see Appendix A for results assuming
other profiles). We take a scale radius rh = 17 kpc for the
MW halo [70]. The differential JD/A factor, integrating
along the line of sight, is
dJD/A
dΩ
(nˆ) =
∫
ds
r
(
ρ(s, nˆ)
ρ
)α
, (2)
where ρ is the DM density in the MW halo. The details
of the DM profile are not critical for evaporating PBHs
or decaying DM, whereas they have a bigger impact for
annihilating DM, although our results can be rescaled to
other DM profiles.
The JD/A factor is calculated by integrating Eq. (2)
over the patch of the sky considered, with an angular
extension ∆Ω. The observed flux over an energy band
spanning the range (E1, E2) is
Φ =
∫ E2
E1
dΦ
dE
dE , (3)
with units of cm−2s−1sr−1. This is the quantity we will
compare with INTEGRAL observations of our Galaxy.
A. Particle Dark Matter
We now turn to describe the emission spectrum in each
of our models, beginning with the simpler cases of decay-
ing and annihilating particle DM with mass mχ.
We first study DM decaying into two photons of energy
E, where the emission spectrum from a DM particle with
lifetime τ is
dN
dtdE
=
2
τ
δD
(
E − mχ
2
)
. (4)
Another possible channel would consist of DM decay-
ing to electron-positron pairs plus final-state radiation
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FIG. 1 : Galactic gamma-ray flux in the 0.2−0.6 MeV energy
band. The black crosses show the INTEGRAL measurements
as a function of Galactic longitude l (top, integrated over
|b| < 6.5 deg.) and latitude b (bottom, integrated over |l| <
23.1 deg.) [5]. The red circles show the predicted emission
from Hawking-evaporating PBHs with MPBH = 1.5× 1017 g,
if those composed the entirety of the DM in the MW, whereas
the blue diamonds correspond to DM of mass mχ = 0.5 MeV
annihilating to photon pairs with 〈σv〉γγ = 6×10−31cm3 s−1.
The two arrows in the bottom plot indicate the latitude bins
where the DM emission exceeds the 1-σ measured flux, for
each model.
(FSR). In this case, however, the CMB can set stronger
constraints than Galactic observations [71], so we do not
consider it here.
For annihilating DM, we will focus on the case of DM
annihilating to two photons, for which
dN
dtdE
= 2 〈σv〉γγ
(
ρ
mχ
)
δD (E −mχ) , (5)
where 〈σv〉 denotes the thermally averaged annihilation
cross sections. We show, in Fig. 1, the Galactic flux
profile in the 0.2−0.6 MeV band, for DM annihilating to
two photons, with mχ = 0.5 MeV and 〈σv〉γγ = 6×10−31
cm3 s−1. Halo substructure can cause an enhancement
in the annihilating signal [72], which we conservatively
3ignore in our analysis.
B. Ultralight PBHs
Black holes (BHs), with mass MBH, evaporate over
time, emitting particles roughly as a blackbody with tem-
perature [73]
TBH =
1
8piGMBH
. (6)
For reference, MBH = 10
17 g corresponds to a BH tem-
perature TBH ≈ 0.1 MeV, and thus the Hawking emission
from these BHs will predominantly consist of neutrinos
and photons. We will focus on the latter, given the well-
measured diffuse gamma-ray emission from the MW by
INTEGRAL.
The spectrum of particles emitted from an evaporating
BH does not exactly follow a blackbody distribution [48–
50]. In particular, the photon spectrum is given by [74]
dN
dtdE
=
1
2pi
Γ(E,MBH)
eE/TBH − 1 , (7)
where Γ(E,MBH) = E
2σ(E,MBH)/pi is the graybody
factor, which accounts for the departure from pure black-
body emission, and σ(E,MBH) is the absorption cross
section for spin-1 particles (such as photons). At high en-
ergies, this cross section approaches the geometric limit,
σ(E  TBH,MBH) ≈ 27piG2M2BH. Nonetheless, for
E . TBH this cross section is significantly lower, reduc-
ing the overall amount of BH emission. For spin-1 parti-
cles, this increases the energy peak to E ≈ 5.77TBH [75].
In this work we will focus on Schwarzschild BHs (as
the emission is slightly different for spinning or charged
BHs [76, 77]), and we use the public code BlackHawk [78]1
to compute the Hawking emission.
We show the flux for PBH DM with MPBH = 1.5×1017
g in the 0.2− 0.6 MeV band—where it peaks—in Fig. 1.
The Galactic emission from annihilating DM is more con-
centrated towards the Galactic Center, as opposed to
that from PBHs (or generic decaying DM).
III. INTEGRAL DATA
In order to constrain the emission from different DM
models, we will use data from the SPI instrument on the
INTEGRAL satellite, which roughly covers the 0.02 − 8
MeV energy band [79]. In particular, we will employ the
measurements of diffuse Galactic emission from Ref. [5],
where point sources are simultaneously subtracted. The
coded-mask system of SPI is, in principle, only sensi-
tive to differences in flux, and thus cannot observe the
1 https://blackhawk.hepforge.org/
isotropic extra-Galactic background [5]. Nonetheless,
some unknown amount of background radiation can ap-
pear as part of the INTEGRAL measurements, and this
uncertainty dominates the error budget (and it is ex-
pected to be behind the ∼ 30% increase in flux with
respect to earlier INTEGRAL data [4, 80]).
In Refs. [4, 5] the INTEGRAL data is reduced in two
different ways. The first way finds the spectrum of the
Galactic inner radian, with a relatively fine energy res-
olution. While this dataset might be optimal for con-
straining DM, especially for decays or annihilations to
a photon line, the Galactic emission in this analysis is
assumed to follow the morphology of a predetermined
map [4, 5], given by a combination of dust, CO, and
inverse-Compton emission, and not that due to DM.
Therefore, a DM signal may be hidden behind the pro-
jection onto these maps, as they are not guaranteed to
account for every photon. This was the dataset used to
obtain constraints in Ref. [6].
The second is the profile of diffuse emission as a func-
tion of Galactic angle. This is the dataset that we will
use, as it does not assume any emission morphology, and
thus can be used to set conservative bounds. On the one
hand, the energy bands in this analysis are wider, which
makes it harder to detect lines originating from DM. On
the other hand, the data at angles beyond the Galactic
inner radian provides more constraining power, as astro-
physical backgrounds can be more concentrated than the
signal for decaying DM.
The INTEGRAL measurements are divided into five
energy bands, with cuts at E = 0.027, 0.049, 0.1, 0.2, 0.6
and 1.8 MeV. We show the data in the fourth band
(E = 0.2−0.6 MeV) in Fig. 1, corresponding to the peak
of emission for PBHs with MPBH = 1.5× 1017 g, and for
DM annihilating to photons with mχ = 0.5 MeV. The
latitude profiles are integrated over longitudes |l| < 23.1
deg., whereas the longitude profiles are integrated over
|b| < 6.5 deg. (except the highest-energy bin, which has
|l| < 60 deg. and |b| < 8.2 deg.). By comparing with the
emission from PBH DM, we see in Fig. 1 that the con-
straints will be driven by intermediate latitudes, as op-
posed to the case of annihilating DM, which peaks closer
to the Galactic Center. Additionally, note that the data
point at b = 20− 30 deg. is below the expected emission
from PBHs, given our chosen mass. Likewise, the emis-
sion from annihilating DM with 〈σv〉γγ = 6× 10−31 cm3
s−1 is above the INTEGRAL data point at b = 6−9 deg.
Therefore these two models will be excluded at 68% C.L.
IV. RESULTS
We will now present conservative constraints on the
DM models by requiring that their emission is below the
maximum allowed by the INTEGRAL data. The IN-
TEGRAL error budget is not Poissonian, but is domi-
nated by the fitting procedure, which simultaneously re-
moves point sources and an isotropic extra-Galactic back-
4ground. Likewise, errors between different energy bins
are likely correlated. Nevertheless, we will multiply by
two the error bars reported in Ref. [5] to obtain the fluxes
at 95% C.L. at each energy bin. Then, we will obtain our
limits by requiring that the emission from each DM can-
didate is smaller than this 95% C.L. flux. We note that
older observational data from the INTEGRAL satellite
were used to constrain particle DM in Refs. [81–83].
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FIG. 2 : Constraints on the lifetime of decaying DM, τ ,
assuming decay to two photons, as a function of its mass mχ.
The orange and blue shaded regions are constrained by X-ray
and gamma-ray data from COMPTEL [6], and NuSTAR [84].
Our conservative re-analysis of INTEGRAL data yields the
95% C.L. constraints shaded in black, to be compared with
the previous result from Ref. [6] as the dashed gray line. The
kinks in our limit (as well as those presented in Fig. 3) reflect
the energy binning in the INTEGRAL data.
A. Particle Dark Matter
We begin by revisiting the INTEGRAL constraints on
decaying particle DM from Ref. [6].
We show our constraint for decaying DM on Fig. 2,
along with the previous result of Ref. [6]. Our robust
analysis weakens the INTEGRAL constraints by nearly
an order of magnitude. That is partially because not
every photon is included in the data used in Ref. [6],
as well as due to the loss of energy resolution (which
would significantly help in this case). Moreover, we do
not include extra-Galactic photons from decaying DM,
as those are not accounted for in the INTEGRAL/SPI
data set that we use, which narrows the mass range that
can be constrained. We can probe DM masses mχ ∈
[0.054−3.6] MeV, over which our constraint, in Fig. 2, can
be approximated by τ & 5×1026 s× (mχ/MeV)−1. Even
when accounting for the weakening of the INTEGRAL
limits, these are still 3 orders of magnitude stronger than
those obtained from the CMB [71].
We now study the case of annihilating dark matter.
We show the limits for DM annihilating to two photons
in Fig. 3. In this case the INTEGRAL data provides
stronger constraints than the CMB [71] and NuSTAR ob-
servations of M31 [84]. While the NuSTAR constraints
could be potentially extended to higher masses using
Galactic-center data [85], they will be less constraining
than our results, so we do not show them here. All these
constraints are significantly smaller than the thermal-
relic cross section, and thus do not allow for a thermal
relic within this mass range annihilating exclusively to
two photons.
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FIG. 3 : Constraints on the thermally averaged cross section
of DM annihilating to two photons, 〈σv〉γγ , as a function of
its mass, mχ, for our INTEGRAL reanalysis (95% C.L., in
black), compared to the CMB s-wave limits [86] (in purple),
as well as the current best limits from NuSTAR [84] (in blue).
Additionally, DM with masses above the electron mass
can annihilate to electron-positron pairs plus FSR. We
note, in passing, that for this case we find good agreement
with the constraints of Ref. [6], as the FSR spectrum
is fairly broad, so the loss of energy resolution in our
analysis does not change the results significantly.
B. Ultralight PBHs
We follow the same approach for the PBHs, except now
we will phrase our constraints in terms of the maximum
fraction fPBH of the DM that is allowed to be comprised
of PBHs, assuming a monochromatic mass function, and
an NFW distribution for PBHs, even for low values of
fPBH.
We show our limits in Fig. 4, where we see that IN-
TEGRAL can rule out PBHs composing the entirety of
the DM for masses up to MPBH = 1.2 × 1017 g, provid-
ing the strongest constraint to date. Our result improves
upon that obtained through the flux of electron-positron
pairs in the Galaxy, which would then annihilate and
5emit a line at 511 keV [56–58] (this constraint depends
on the dark matter profile at the Galactic Center and the
propagation distance of low-energy positrons). Addition-
ally, our constraint is tighter than CMB limits [62] (see
also Ref. [63] for a similar result), as well as those from
Voyager-1 measurements [51] (which can vary by more
than an order of magnitude depending on the propaga-
tion model and background considerations). We also ob-
tain stronger constraints using the Galactic gamma-ray
emission from PBHs, as opposed to the extra-Galactic
component [60].
In Fig. 4 we show the most conservative versions of
each of these bounds, in order to compare to our robust
limits. Modeling of backgrounds and optimistic choices
of parameters (for instance in the cosmic-ray propaga-
tion) may give rise to nominally stronger but less-robust
constraints. Likewise, our constraints would be strength-
ened under different assumptions for the analysis; for ex-
ample, a more optimistic local-DM density of ρ = 0.6
GeV cm−3 [67, 68] would yield a tighter constraint of
MPBH > 2 × 1017 g at 68% C.L. In principle, one could
also model the astrophysical emission from the Galaxy
and subtract it, in order to obtain stronger limits from
INTEGRAL data, albeit these would be less robust. As
a first example, we have found limits using the Galactic-
center INTEGRAL spectrum as done for particle DM in
Ref. [6]. We use the data from Ref. [4], which has fine en-
ergy resolution (although we remind the reader that this
data does not capture every photon, and thus cannot be
used to definitively rule out PBHs); as in our main anal-
ysis, we simply require that the DM model does not over-
produce the 2-σ upper limits on the data points. These
limits extend further than our robust result; a joint analy-
sis of decaying/annihilating DM, plus other astrophysical
sources, using photon data finely binned spatially and in
energy, would be optimal for obtaining constraints and
could extend the limit to even higher PBH masses
Our results set the strongest lower bound on the PBH
mass that is allowed to constitute the entirety of the DM,
at MPBH = 1.2 × 1017 g. Recent work has cast doubt
on PBH constraints due to femtolensing [87], and cap-
ture onto stars [88]. Thus, there is a large gap between
our result and the next constraint, at MPBH = 10
23 g,
from Subaru microlensing data [19, 24], where PBHs are
currently allowed to make up all the DM. Many ideas
have been proposed in order to constrain PBHs in this
and higher-mass windows [87–97]. Additionally, we note
that our constraints would be tighter for highly spinning
PBHs. We find, for instance, that for nearly extremal
PBHs (with dimensionless spin parameter a∗ = 0.9999)
INTEGRAL rules out masses up to MPBH = 10
18 g.
V. CONCLUSIONS
We have presented constraints on decaying, annihilat-
ing, and PBH DM using INTEGRAL measurements of
Galactic gamma-ray emission. We followed a conserva-
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FIG. 4 : Different constraints on the fraction fPBH of
DM that is composed of PBHs. The limit from detection
of positrons with Voyager 1 is shown in red [51] (propaga-
tion model B without background), from the CMB in pur-
ple [62] (varying all parameters), from extra-Galactic gamma-
ray emission in green [60] (assuming no AGN background),
and from the flux of the 511 keV line in the MW in blue [57]
(assuming an isothermal DM profile with 1.5 kpc positron
annihilation region). Our 95% C.L. constraint, from the
Galactic gamma-ray flux measured by INTEGRAL (assuming
ρ = 0.4 GeV cm−3), is shown as the black shaded region.
We additionally show, in dotted gray, the result that would be
obtained with an optimistic analysis of the INTEGRAL data.
For reference, there are currently no robust constraints to the
right of the plot until MPBH = 10
23 g [19, 24, 58, 87, 88].
tive approach, where we use the total measured flux at
different Galactic coordinates to set constraints, without
assuming any form for the astrophysical contribution.
For decaying DM, we have revisited the constraints
from Ref. [6], which we find to be overstated by a factor
of ∼ 3− 10. Our updated constraints, in Fig. 2, are still
the strongest for decaying DM masses mχ ∈ [0.054− 3.6]
MeV. We find similar results to Ref. [6] for DM annihilat-
ing to electron-positron pairs plus FSR. We showed that
for DM annihilating to photons, INTEGRAL improves
upon the CMB and NuSTAR limits by a factor of ∼ 10
and ∼ 100, respectively, for mχ ∈ [0.027− 1.8] MeV.
We have additionally used the INTEGRAL data to
constrain ultralight PBHs. If these BHs are a compo-
nent of the cosmological DM, their Hawking radiation
will make them appear as gamma-ray point sources, fol-
lowing the DM profile in our Galaxy. Under conservative
assumptions, we showed that PBHs with masses below
MPBH = 1.2 × 1017 g are not allowed to be the entirety
of the DM. While this is an improvement over current
constraints, there are still 6 orders of magnitude in mass
until microlensing can constrain PBHs [24]. It is crit-
ical to envision new methods to probe this PBH mass
window.
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FIG. 5 : Our INTEGRAL constraints on DM annihilating
to two photons, assuming different DM profiles. The black
line assumes no coring (and is identical for core radii rc ≤ 0.1
kpc). The three lines assume progressively large cores, of 1
kpc (red dashed), 2 kpc (blue dot-dashed) and 5 kpc (green
dotted). The constraints do not weaken homogeneously, as
which data point sets the constraint changes.
Appendix A: Impact of the dark-matter profile
Throughout this work we have assumed that the DM
in the Galaxy follows a standard Navarro-Frenk-White
(NFW) profile. Here we explore how our results would
change if the DM distribution near the Galactic Center
was flattened, forming a DM core, which can be a natu-
ral consequence of stellar feedback [98]. A DM core will
alter the J factors, and thus the strength of the con-
straints we set. To model that, we will simply flatten
the DM distributions in Eq. (2) to be ρ(r) = ρ(rc) for
r < rc, and the usual NFW result for r ≥ rc, where r
is the Galacto-centric distance, and rc is the core radius
that we consider. We will study values of rc up to 5
kpc, as suggested in Ref. [99], although significant cores
in MW-sized haloes may be disfavored by more recent
simulations [100]. Since the effect of a core is more pro-
nounced for annihilating DM than for decaying DM or
PBHs, we divide this Appendix into two parts, studying
each case individually.
1. Decaying DM and PBHs
We first study the change to decaying particle DM and
ultralight PBHs. Note that, both for decaying and anni-
hilating DM, changing the DM profile does not translate
into a straightforward rescaling of our limits, since the
constraints for each DM mass are set by different energy
bands.
We have tested that for both cases there is no appre-
ciable change to our results for rc ≤ 1 kpc, as the con-
straints are driven by data points with relatively large
Galactic latitudes (b ∼ 20 deg.). Even for larger cores we
find only a marginal degradation of the constraints. For
decaying DM we find a 20% degradation of the τ limits
in the 0.1-1.5 MeV mass range for rc = 5 kpc, and no
change otherwise (including no change for rc ≤ 2 kpc).
For PBHs we likewise find a degradation of 20% on the
fPBH limits, constant over the PBH mass, for rc = 2− 5
kpc. Nevertheless, we are able to rule out fPBH = 1 for
MPBH ≤ 1.2× 1017 g, showing that a DM core does not
impact our PBH constraints significantly.
2. Annihilating DM
While the changes for annihilating DM can be more
dramatic, we find that for rc ≤ 0.1 kpc there is no dif-
ference with the standard uncored NFW profile. Thus,
we will study cases with rc = 1, 2 and 5 kpc. We show
the limits for DM annihilating to photon pairs under the
three core assumptions, as well as the standard NFW,
in Fig. 5. That figure demonstrates that the limits are
not just rescaled when changing the DM profile, as they
change differently across different masses.
